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INTRODUCTION
Solar energy technologies have the potential to meet a large portion of future energy needs and make a contribution to solving the global energy crisis and environmental problems. Recently, perovskite solar cells (PSCs) have received significant research interest owing to their high solar conversion efficiencies and low-cost fabrication methods. Starting from the first well-known PSCs which employed the device structure of dye-sensitized solar cells (DSSCs) by using perovskite nanocrystals to replace traditional organic dye molecules as sensitizers in 2009, in only seven years power conversion efficiencies (PCEs) above 22% have already been reported and certified. 1−4 Such rapid and unprecedented progress in solar conversion efficiencies was achieved through the fabrication of a dense, uniform, and high quality perovskite absorber layer with a variety of fabrication techniques, including spin coating, 2 dip coating, 5 two-step interdiffusion, 6 chemical vapor deposition, 7 thermal evaporation, 8 solvent engineering, 9, 10 and intramolecular exchange processing. 11 Specially, a high-quality perovskite capping layer was introduced to optimize the morphology of the absorber material and improve the device performance. 5, 10 Even though perovskite absorbers can efficiently apply visible light in perfectly designed and fabricated devices, further improvements for PSCs are expected and required in order to completely surpass the other photovoltaic (PV) technologies, such as silicon, GaAs, CIGS, and CdTe solar cells, and fully realize their potential as PV cells.
The utilization of metallic nanostructures in solar cells provides opportunities to revolutionize the conversion of solar energy by enabling highly efficient devices either via scattering light to enable a longer optical path length or via a dipole− dipole interaction and resonant energy transfer. 12 Metallic nanostructures have been successfully employed to moderately improve the performance of dye-sensitized solar cells, 13, 14 silicon-based solar cells, 15, 16 and organic 17 photovoltaic (OPV) cells. It is well-known that the size, shape, component, and dielectric environment of metal nanostructures play very important roles in affecting photovoltaic performance. In terms of plasmonic organic photovoltaic devices, since the earliest reports, 18, 19 plasmonics have been applied in various configurations within organic solar cells, exhibiting benefits which extend beyond light absorption enhancements, to improved electrical characteristics, such as increased conductivity of buffer layers and enhanced exciton dissociation. 20−25 Recently, metallic nanostructures have also been employed to improve the PCE of PSCs. Snaith and co-workers first reported plasmonic enhancement in perovskite solar cells in 2013. 26 They mixed core−shell Au@SiO 2 nanoparticles (NPs) into Al 2 O 3 paste to prepare mesoporous Al 2 O 3 scaffold and fabricated meso-superstructured PSCs, of which the average PCE was enhanced from 8.5% to 9.5%. The enhancement in device performance was attributed to a reduction in exciton binding energy (EB) of the perovskite in the presence of nano-Ag localized surface plasmon resonance (LSPR). Later, the group blended Ag@TiO 2 NPs into Al 2 O 3 paste to prepare mesoporous Al 2 O 3 scaffold, boosting the CH 3 NH 3 PbI 3−x Cl x device efficiencies by 12.4%. 27 But their analysis suggested PV performance enhancement is different. In another study, 28 Au NPs were inserted into a compact titanium dioxide layer, resulting in 20% device performance enhancement in planar heterojunction CH 3 NH 3 PbI 3−x Cl x solar cell. The device performance enhancement was attributed to plasmon-mediated hot carrier injection from Au NPs to titanium dioxide. Cheng et al. also embedded metallic nanostructures (nanostructured Au, Ag, and Au−Ag) into a compact TiO 2 layer, achieving an efficiency of 14.8% using the Au−Ag nanoalloy, which increases 17.5% compared to the bare PSCs. 29 The increased device performance was attributed to the increased light harvesting due to the light scattering of the metallic nanostructures. Nevertheless, their analysis is different from that reported in ref 28. Lee et al. reported just 0.6% PCE improvement by introducing Au NPs into the hole-transport layer of PSCs, from 12.66% to 12.74%. 30 Recently, we reported a facile and effective method to fabricate efficient plasmonic PSC devices. 31 The combinational integration of Au NPs and MgO into mesoporous titania significantly enhanced both the current density and the photovoltage of the perovskite solar cells. 31 Current reports on plasmonic applications in PSCs focused on integration of metal (Au, Ag) nanoparticles within the mesoporous metal oxide scaffolds or the charge transport layers to improve device performance. These initial studies indicate that the presence of metal particles somehow favors a reduction in exciton binding energy, 26 photon recycling, 27, 31 hot carrier injection from metal NPs, 28 and increasing the light harvesting capability; 29 however, the origin of the PV performance enhancement observed remains unclear. Additionally, metal inclusions in absorbers can induce intrinsic losses of metals at visible frequencies and recombination centers, leading to unexpected efficiency losses. 32 The question remains as to whether plasmonic NPs are able to overcome their negative effects to achieve effective efficiency enhancements, especially when embedded into pure perovskite semiconductors. Integration of plasmonic nanostructures into perovskite solar cells is a relatively new concept, compared to the body of published work on organic solar cells, and many fundamental physical mechanisms are not systematically understood.
In this work, we developed a new and efficient plasmonic composite structure to effectively enhance the PCE of PSCs by synchronously incorporating core−shell metal−dielectric nanoparticles into both the porous TiO 2 film and the perovskite capping layer. Au@TiO 2 core−shell nanoparticles were synthesized and integrated into porous TiO 2 and/or perovskite semiconductor capping layers to form plasmonic PSC devices with different configurations. Optical, electrical, and electronic effects from metal nanostructures on the device performance of PSCs were systematically investigated by a combined evaluation of surface morphologies of Au@TiO 2 modified porous TiO 2 and perovskite capping films, photovoltaic characteristics, photocurrent behavior, and steady-state photoluminescence (PL). The addition of Au@TiO 2 NPs increased the rate of exciton generation and the probability of exciton dissociation, thereby enhancing the short-circuit current density and the fill factor. Accordingly, when 80 nm sized Au@TiO 2 NPs were simultaneously incorporated into both mesoporous titania and perovskite capping layers in the devices, the power conversion efficiency (PCE) was improved from 12.59% to 18.24%, demonstrating over 44% enhancement, compared with the reference device without the metal NPs. The results offer a possible method to dramatically enhance the performance of mesoporous PSC devices by employing metal nanoparticles and provide further insight into the development of ideal plasmonic functionality for future optoelectronic systems.
EXPERIMENTAL SECTION
2.1. Synthesis of Core@ShellAu@TiO 2 NPs. Au nanoparticles were prepared according to the method published previously with slight modification. 31 A 972 μL portion of hydrogen tetrachloroaurate-(III) (HAuCl 4 ·4H 2 O) aqueous solution (0.1 M) was mixed with deionized (DI) water (80 mL) and ethylene glycol (200 mL) in a flask, and then 4 mL of 1 wt % trisodium citrate dehydrate solution and 4 mL of 1 wt % polyvinylpyrrolidone K30 (PVP-K30) were added. After this, the mixture was brought to a rolling boil with stirring for about 10 min; the reduction of gold chloride was almost completed. The solution was removed from the heat source and allowed to cool naturally. The obtained mixture was collected by centrifugation at 8000 rpm, followed by washing with ethanol and DI water for three times. The precipitate was redispersed in 48 mL of isopropanol as a stock solution of Au core. The diameter of the obtained Au nanoparticles is about 80 nm. TiO 2 shell layer was further coated on the surface of Au core by a kinetics-controlled hydrolysis of titanium isopropylate (TTIP) using ammonium hydroxide as a hydrolysis catalyst. 33 The thickness of the TiO 2 shell can be readily varied by controlling the reaction time as well as the added amounts of hydrolysis catalyst and Ti precursor. 34 In our work, the shell thickness was controlled at about 2 nm through adjusting the amount of TTIP. NH 3 ·3H 2 O solution (18 mL, 10 wt %) was mixed with the stock solution of Au core (48 mL) in a flask. After stirring for about 30 min, 16 mL of isopropanol solution containing 20 μL of TTIP was added dropwise into the above suspension liquid within 20 min and further stirred for 24 h. Then, the resultant product was divided equally into two parts and collected by centrifugation at 8000, followed by washing with ethanol and DI water for three times. After this, the two parts of the product were redispersed in 1.6 mL of anhydrous ethanol (30 mmol L −1 of Au@TiO 2 NPs) and 1.6 mL of γbutyrolactone (GBL)/dimethyl sulfoxide (DMSO) (7:3 v/v) solution (30 mmol L −1 of Au@TiO 2 NPs). The thickness of TiO 2 shell is about 2 nm for Au@TiO 2 NPs.
2.2. Device Fabrication. Fluorine-doped tin oxide (FTO)-coated slides (Pilkington TEC 15) were patterned by etching with Zn powders and 2 M HCl. The etched slides were then cleaned with liquid detergent, acetone, ethyl alcohol, and DI water for 15 min, sequentially, to remove the organic or inorganic residues and finally dried in a vacuum oven. TTIP (200 μL) and ethanol (5 mL) were mixed to prepare a clear precursor sol. The precursor sol was spincoated onto the etched FTO substrate at 4500 rpm, followed by annealing at 500°C to form a compact TiO 2 (c-TiO 2 ) layer. Diluted TiO 2 pastes were prepared by mixing TiO 2 paste (Dyesol 18NR-T, 0.1 g) and anhydrous ethanol (444 μL). Diluted TiO 2 pastes with Au@ TiO 2 NP modification were prepared by mixing TiO 2 paste (Dyesol 18NR-T, 0.1 g) and the prepared ethanol solution of Au@TiO 2 (444 μL). The mesoporousTiO 2 (p-TiO 2 ) layer was deposited on the c-TiO 2 layer by spin-coating the diluted TiO 2 pastes without or with the addition of Au@TiO 2 NPs at 2000 rpm for 30 s. The layers were then sintered at 500°C for 30 min in air. After cooling down to the room temperature (RT), the samples were treated using the TiCl 4 aqueous solution at 70°C for 30 min and dried at 500°C for 30 min. As a result, two types of p-TiO 2 electrodes were grown, including the bare p-TiO 2 and the p-TiO 2 containing Au@TiO 2 NPs. The perovskite MAPbI 3 absorber was grown via a spin-coating process using a GBL/ DMSO solution of PbI 2 and CH 3 NH 3 I. A pure perovskite−precursor solution (1.25 mol L −1 ) was prepared by mixing MAI (0.1975 g) powders and lead iodide PbI 2 (0.5785 g) in GBL (700 μL) and DMSO (300 μL) at 60°C for 12 h. In addition, Au@TiO 2 and P25 TiO 2 NP modified perovskite−precursor solutions were prepared. To prepare the Au@TiO 2 NP modified perovskite−precursor solution, the MAI (0.1975 g) powders and lead iodide PbI 2 (0.5785 g) in GBL (350 μL) and DMSO (150 μL) were mixed with the prepared GBL/DMSO solution of Au@TiO 2 (500 μL) at 60°C for 12 h. To prepare the P25 NP modified perovskite−precursor solution, the MAI (0.1975 g) powders and lead iodide PbI 2 (0.5785 g) in GBL (350 μL) and DMSO (150 μL) were mixed with 500 μL of a P25 GBL/DMSO (7:3 v/v ratio) solution (30 mmol L −1 ) at 60°C for 12 h. The formed precursor solution was deposited onto the p-TiO 2 /c-TiO 2 /FTO sample via a successive two-step spin-coating process, at 2000 rpm for 30 s and at 3500 rpm for 50 s, respectively. Anhydrous chlorobenzene was dripped onto the center of the sample in the second spin-stage during the spin-coating process. 10 The perovskite−precursor coated sample was heated and dried on a hot plate at 110°C for 30 min. The hole-transport material (HTM) was deposited on the grown perovskite absorber by spin-coating a spiro-OMeTAD solution at 4000 rpm for 30 s. 31 Finally, 100 nm thick Ag film with an active area of 0.1 cm 2 was formed via evaporation on the spiro-OMeTAD-coated film. 35 As a result, plasmonic PSC devices with different configurations were designed and fabricated by integrating Au@TiO 2 core−shell nanoparticles into the various positions of the perovskite absorber, as shown in Scheme 1.
2.3. Characterization. The morphologies of Au@TiO 2 NP modified p-TiO 2 and perovskite capping films were characterized by a high-resolution field emission scanning electron microscope (FESEM, Hitachi S4800) equipped with an energy dispersive X-ray (EDX) spectrometer. Element analysis of the composite layer was measured by the EDX. Optical spectra of p-TiO 2 -based perovskite absorbers with various structures were examined and characterized by means of ultraviolet−visible light (UV−vis) spectrometer (Hitachi, U-3010). PL spectra were recorded at room temperature using a HORIBA JobinYvon fluoromax-4 fluorescence spectrophotometer with an excitation wavelength of 507 nm. Photocurrent density− voltage (J−V) measurements were performed using an AM 1.5 solar simulator equipped with a 1000 W xenon lamp (Model No. 91192, Oriel, USA). The solar simulator was calibrated by using a standard silicon cell (Newport, USA). The light intensity was 100 mW cm −2 on the surface of the test cell. J−V curves were measured using a computer-controlled digital source meter (Keithley 2440) with the reverse direction. During device photovoltaic performance characterization, a metal aperture mask with an opening of about 0.09 cm 2 was used. The external quantum efficiency (EQE) measurements (74125, Oriel, USA) were also carried out for these cells.
RESULTS AND DISCUSSION
FESEM was used to study the surface and the cross-sectional microstructure and morphology of the grown p-TiO 2 , perovskite capping films, and PSC devices. Figure 1j . From Figure 1j , the thicknesses of the p-TiO 2 and perovskite capping layers are 210 and 250 nm, respectively, almost having the same thickness. From Figure 1a , the size of the mesoporous pores of the pristine p-TiO 2 is about tens of nanometers, and most of the pores are smaller than 50 nm in size. These mesoporous pores can give an adequate space for the infiltration of the pure perovskite precursor and deposition of the perovskite absorber but have a limited space for the infiltration of the Au@TiO 2 NPs blended into the perovskite precursor. Considering the large size of the Au@TiO 2 core− shell NPs and the small pore size of p-TiO 2 layer, Au@TiO 2 NPs were mainly distributed in the perovskite capping layer of the absorber grown using the Au@TiO 2 NP modified perovskite precursor solution. Therefore, in this work, five types of perovskite solar cells were fabricated using the pristine perovskite absorber (control device): Au@TiO 2 NPs blended within the p-TiO 2 layer (S1), Au@TiO 2 NPs blended within the capping perovskite layer (S2), Au@TiO 2 NPs synchronously integrated within both the p-TiO 2 and the capping perovskite films (S3), and P25 NP modified the perovskite absorber (S4), as shown in Scheme 1. The absorbance of the From Table 1 , the control device without Au@TiO 2 or P25 NP modification exhibits a V OC of 0.98 V, J SC of 17.40 mA cm −2 , and FF of 73.7%, resulting in a total PCE of 12.59%. With incorporating P25 NPs into the perovskite precursor solution, the resulted PSC device (S4) became a little poorer and exhibited a PCE of 10.19%. The addition of P25 NPs obviously decreased the J SC . In contrast, using Au@TiO 2 core− shell NPs blended within the porous TiO 2 layer, device S1 displayed an obviously higher average PCE of 16.00%, while using Au@TiO 2 NPs integrated within the capping perovskite layer, device S2 reached an even higher PCE of 16.88%. Moreover, by synchronously incorporating Au@TiO 2 into both the p-TiO 2 and the perovskite capping layers, the PV performance was further improved. From Table 1 , when Au@TiO 2 core−shell NPs simultaneously blended in both the p-TiO 2 and the perovskite capping layers, device S3 achieved a PCE of 18.24%. Compared with case of the control device, the J SC value of S3 significantly increased from 17.40 to 23.12 mA cm −2 , the FF value improved from 73.7% to 75.5%, and the V OC value increased from 0.98 to 1.04 V. The optimal cell was obtained with Au@TiO 2 NPs blended within both the p-TiO 2 and the capping perovskite layers, simultaneously. Compared with the control device, the power conversion efficiency (PCE) enhancement for the device incorporating Au@TiO 2 core− shell NPs into both the p-TiO 2 and the capping perovskite layers comes from the greatly improved short-circuit photocurrent J SC . As shown in Figures 3b−e, compared with the control device, Au@TiO 2 NP modified devices S1, S2, and S3 exhibited higher and higher average device photovoltaic parameters such as average J SC , V OC , FF, and PCE. The average PCEs of device S3 and the control device are 16.90 ± 1.26% and 11.43 ± 1.14%, respectively. The average PCE of the PSCs with Au@TiO 2 NPs blended within both the p-TiO 2 and the capping perovskite layers is improved by 48% compared to that of the control PSCs.
The average primary particle size of P25 TiO 2 NPs is about 21 nm, which is much larger than the dimension of the colloidal TiO 2 NPs (about 10 nm) in the TiO 2 paste used for formation of the porous p-TiO 2 films. P25 NPs blended within the perovskite absorber may act like light scatters and have the potential to increase the light absorption; nevertheless, the addition of P25 NPs into the absorber distinctly degraded the PV performance of the PSC device, especially the short-circuit photocurrent value. The lowest J SC and FF of S4 can be attributed to its highest serial resistance shown in Table 1 . However, incorporating Au@TiO 2 core−shell NPs into either the p-TiO 2 or the perovskite capping layers significantly improved the PV performance. Compared with the control device, Au@TiO 2 NP modified devices S1, S2, and S3 exhibited considerably higher photocurrent, and device S3 shows a higher J SC value than devices S1 and S2 due to the higher amount of Au@TiO 2 nanomaterials assembled into device S3. The photocurrent enhancement in these solar cells suggested that localized surface plasmon resonance (LSPR) and electrical effects of Au NPs enhance the photovoltaic response of PSCs. 37, 38 In addition, compared to the control device, the open-circuit voltage of the device with Au@TiO 2 NP modification increased by 50−60 mV. This V OC increase could also be associated with the plasmonic coupling between Au NPs, which may promote electron transfer to the conduction band (CB) of TiO 2 and change the surface potential of the latter, thus increasing the built-in potential of the device. 28 The highest FF of S3 can be associated with its lowest serial resistance shown in Table 1 .
To investigate the optical and electrical effects of Au@TiO 2 NPs in PSC in detail, we measured optical absorption spectra as well as photoluminescence spectra of the TiO 2 electrodes and absorber samples. Figure 4a shows the UV−vis spectra of FTO/c-TiO 2 /p-TiO 2 samples without or with Au@TiO 2 NP modification. Both samples display a similar light absorption, indicating that the addition of Au@TiO 2 NPs into the porous TiO 2 film had no obviously negative effect on the transparency of the p-TiO 2 . As the PSC devices have different structures which would impact the interface between the perovskite absorber and the porous TiO 2 , it is expected to show different defect densities. The PL spectra were effective in exploring the recombination properties of light-excited electrons and holes in defected semiconductors. Figures 4b and 4c show the UV−vis and the PL spectra of FTO/c-TiO 2 /p-TiO 2 /CH 3 NH 3 PbI 3 absorber samples without or with Au@TiO 2 NP modification. Perovskite absorbers 1−3 are with Au@TiO 2 NPs being blended within the p-TiO 2 layer, the perovskite capping layer, and both the p-TiO 2 and the capping perovskite films, respectively. At a glance, it is clear that there is no significant change in the absorption spectra of the four kinds of absorber samples, even in the range of specific absorption wavelengths associated with Au@TiO 2 NPs shown in Figure 2 . This result pointed out that the incorporation of the as-prepared Au@TiO 2 NPs into porous TiO 2 and/or the perovskite capping layers had a negligible impact on the absorption enhancement. The results may be due to the extraordinarily high absorption coefficient of hybrid perovskite CH 3 NH 3 PbI 3 and the small amount of Au@ TiO 2 core−shell NPs loaded on p-TiO 2 and/or perovskite capping layers. The increase in photocurrent density of plasmonic PSCs shown in Figure 3 and Table 1 was further explained by PL quenching. From Figure 4c , all absorber samples show emission peaks at about 761 nm (excitation wavelength 507 nm), corresponding to an absorption onset at ∼760 nm. 39 The peak position of the emission was almost kept constant for all of the four absorber samples; however, their PL intensity and quenching changed a lot. The quenching effects indicated the facilitated charge transfer and separation induced by the LSPR. Compared to the case of the reference absorber without any modification, the PL intensity displayed a more and more intensely decreasing tendency from absorber 1 to absorber 3. Notably, the reference perovskite absorber sample exhibited the highest PL signal, and the corresponding PSC device was expected to show a higher recombination rate of carriers than the cells based on the other three absorber samples. An evidently stronger degree of PL quenching for both perovskite absorbers 1 and 2 with Au@TiO 2 NPs being blended within the p-TiO 2 layer, and the perovskite capping layer was observed, confirming that electron extraction efficiency from perovskite to TiO 2 electrode with Au@TiO 2 NP modification was more significant higher than the case based on the pristine TiO 2 . This PL quenching also indicates that the rate of charge recombination is reduced drastically in Au@TiO 2 modified absorber. Absorber 3 with Au@TiO 2 NPs simultaneously incorporated into the p-TiO 2 , and the perov- skite capping layers showed the lowest peak intensity and the most intense degree of PL quenchinga strong indication for the rapidest charge transfer, the most effective electron extraction, the least charge accumulation and the lowest recombination rate, and thus prospectively the highest shortcircuit current and the best PV performance. 40, 41 Therefore, the inclusion of Au@TiO 2 NPs into either the porous TiO 2 or the pure perovskite semiconductor is unambiguously helpful for improvements in the ability for charge separation and collection, rapid charge transport, low recombination rate, and enhanced photocurrent in the PSC device.
EQE is more pertinent than photocurrent−voltage measurement for studying optical and electrical responses of PSCs. EQE can be a product of light-harvesting efficiency, electron injection efficiency from excited perovskite CH 3 NH 3 PbI 3 to TiO 2 nanoparticles, and electron collection efficiency at the cathode in a mesoscopic CH 3 NH 3 PbI 3 /TiO 2 heterojunction solar cell. Figure 5a shows the EQE spectra of four types of PSC devices (control device, S1−S3) as a function of the wavelength. Four devices show that the generation of photocurrent starts at ∼800 nm, which is in agreement with the band gap of MAPbI 3 . Within the wavelength range from 400 to 750 nm, the photocurrent increased notably after incorporating the Au@TiO 2 NPs. The broad wavelength range of spectral response enhancement does not follow with the excitation range of Au NPs. Note that the absorption peak of the Au or Au@TiO 2 solution was located at approximately 550 nm (Figure 2 ). From Figure 5a , actually, three types of PSCs with Au@TiO 2 NP modification achieved higher EQE values than the control device without Au@TiO 2 NPs over the panchromatic wavelength range. Device S3 with Au@TiO 2 NPs simultaneously incorporated into the p-TiO 2 , and the perovskite capping layer exhibits an absolute EQE of about 95%, whereas the control device based on bare TiO 2 and perovskite semiconductor displays an absolute EQE of ∼76% in the visible spectrum. The trends in the EQE follow those for the values of J SC shown in Figure 3a and Table 1 . The change in EQE enhancement for differently structured PSC devices is also consisted with those from J−V measurement and analysis.
Based on the EQE and absorption measurements shown in Figures 5a and 4b Figure 5b . From Figure 5b , although there are some features in the spectrum, the EQE enhancement is broadly distributed over the whole range and does not specifically follow the plasmon mode profile. The maximal absolute EQE value was obtained at 580 nm, which quite matches the absorption peak of Au@TiO 2 NPs and likely provides some evidence that the LSPR effects of Au nanostructures indeed induced improvements in the PCEs of PSCs. The maximal EQE enhancement (over 50%) was achieved at 790 nm for S3, which coincides with the absorption enhancement peak due to the scattering effect of 80 nm sized Au@TiO 2 NPs. Because 790 nm is the edge of the absorption band of perovskite film, the peak of ΔEQE/EQE ref or ΔAbs/Abs ref corresponding to the resonance of Au@TiO 2 NPs cannot be identified. In addition, the enhancement percentage obtained from the light absorption is tremendously lower than that of the EQE incremental quantity over the panchromatic wavelength range, as shown in Figure 5b . The broad enhancement in EQE suggests that the enhanced device performance of Au@TiO 2 composite PSCs mainly come from plasmonically enhanced electrical properties of the Au@TiO 2 photovoltaic composites (plasmonic electrical effects), rather than from optical effects alone. For three structured plasmonic PSCs with Au@TiO 2 modification, we unambiguously observed enhanced photocurrent from 400 to 750 nm, but no significant change to the light harvesting capability. Specially, in terms of device S1 with Au@TiO 2 NPs being blended within the p-TiO 2 layer, impressive EQE enhancement takes place over the visible regime (400−750 nm), and hence, its J SC value considerably increases from 17.40 to 21.20 mA cm −2 shown Figure 3a and Table 1 , whereas there is almost no light absorption enhancement. From Figure 3a and Table 1 , P25 TiO 2 nanoparticles on their own do not enhance the photocurrent but rather reduce it. The results indicated that the plasmonrelated light absorption contributed negligibly to either the EQE or J SC enhancements. Thus, our conclusion is that Au@ TiO 2 NPs enhance the solar cells internal conversion efficiency. The improvement could be mainly attributed to enhanced charge separation/free carrier generation, to augmented charge collection, and/or to the reduced charge recommendation rate. 20−25 To investigate the roles of Au@TiO 2 NPs in the observed EQE and photocurrent and PCE improvements in the plasmonic PSC cells, finite-difference time-domain (FDTD) numerical simulations were performed on a three-dimensional (3D) model. In the real PSC device, the absorber can be divided into porous and capping parts, the porous portion mainly consists of TiO 2 , and the capping layer is pure MAPbI 3. Considering the real thicknesses of both p-TiO 2 and capping films, the sandwiched model consists of glass(50)/FTO(100)/ c-TiO 2 (40)/p-TiO 2 (210)/MAPbI 3 (250)/ HTM(100)/Ag (30) , from the left to the right as shown in Figure 6a , and in which a single Au@TiO 2 sphere is embedded in the centers of p-TiO 2 and MAPbI 3 layers. The numbers in parentheses indicate the layer thicknesses in nanometers. The size of Au spheres (light green color) is 80 nm in diameter, and the thickness of TiO 2 shell is 2 nm. In order to see the Au@TiO 2 spheres, the colors of both p-TiO 2 (light green color) and capping MAPbI 3 (light blue color) are half transparent. The optical properties (refractive index, n, and extinction coefficient, k) of materials are from the data in previous publications. 42, 43 A commercial FIT software package (CST Microwave Studio 2006) was used with Cartesian grids system (FDTD module). 16, 44, 45 The boundary conditions along the x-and y-axis is set to be "periodic". Upon choosing periodic boundary setting and a suitably refined computational grid (the maximum grid length was chosen as wavelength/300 in the paper) in the simulation software, the corresponding numerical solution gives an accurate representation of the dynamics of the electromagnetic field. The origin of the coordinates is taken at the center of the front surface of the glass, and Au@TiO 2 spheres are placed along the z coordinate as shown in Figure 6a . The size of the modeling area in the xz-plane is 350 nm × 350 nm. Let the plane-wave electromagnetic field of wave vector k be incident from the front surface of the glass substrate. The wave propagates along the z coordinate, the electric vector is along the x coordinate, and the magnetic vector is along the y coordinate. Figures 6b and 6c show the calculated local amplitude enhancement distribution of the electric field |E|in the xz-plane at y = 0 for an incident wave with a wavelength of 580 or 790 nm, respectively. The maximal absolute EQE value was obtained at 580 nm, and the maximal EQE enhancement was at 790 nm for devices with Au@TiO 2 NP modification in Figures 5a,b . The circumferences of the Au@TiO 2 spheres within the p-TiO 2 and MAPbI 3 hosts can be distinctly observed from the calculated figures. Under visible light at 580 nm, the electric field |E| is obviously enhanced and localized around the Au sphere embedded in the p-TiO 2 host, whereas the electric field is only slightly enhanced and confined around the Au sphere embedded in the capping MAPbI 3 host, as shown in Figure 6b . At longer wavelengths, the results are contrary. The electric field is less enhanced and confined around the Au sphere embedded in the p-TiO 2 host, while the electric field is significantly more enhanced and localized around the Au sphere embedded in the capping MAPbI 3 host, as shown in Figure 6c . The maximum |E| enhancement factor is up to 2.7 and 7.8 at 580 and 790 nm, respectively. Devices S1 and S2 were made with Au@TiO 2 NPs blended within the p-TiO 2 and the perovskite capping hosts, respectively. The FDTD simulation results demonstrated that the LSPR effect led to a substantially nonuniform electric field distribution, which is greatly dependent on the wavelength of the incident light. However, this wavelength-dependent difference was not observed in the EQE or absorption testing measurements for the plasmonic devices S1 or S2, which further suggested that the J SC enhancement cannot be attributed to the optical effect of the plasmonic nanoparticles but other effects. Figures 6d and 6e show the simulated power flow onto the xz-plane at y = 0 and the xy-plane at z = 550 nm, deviated from the center (z = 525 nm) of the Au sphere embedded in the MAPbI 3 , at a wavelength of 790 nm, respectively. When the near-infrared (NIR) light with a wavelength of 790 nm is normally incident on the PSC device from the front glass, the wave straight passes through c-TiO 2 layer and enters into the porous layer along the z coordinate. But, on the regions near and within the Au spheres, the straight propagation of light power flow is replaced by complex whirls and circulates round the Au spheres and the host material as shown in Figures 6d,e . The Au sphere absorbs lights via some portion of its surfaces and then reradiates energy into the absorber via other parts of the surfaces. Light power flows could circulate the near-field areas for multiple rounds due to interference of scattered and incident lights. 46 This energy flow regulation can open a process which is different from the widely reported light absorption enhancement by LSPRs [13] [14] [15] [16] [17] 47 or hot-electron injection 28,48−50 for plasmon-enhanced solar energy harvesting. The plasmonic nanometal absorbs sunlight, converts the absorbed energy into LSPR oscillations, and transfers the plasmonic energy to the perovskite semiconductor, which generates electron−hole pairs below and near the perovskite semiconductor band edge 51, 52 and enhances the efficiency of the incident photon-to-electron conversion process for NIR frequencies in perovskite solar cells shown in Table 1 and Figures 5a,b . On the other hand, when the LSPR phenomenon occurs, the accumulated energy on Au@TiO 2 nanospheres is also likely to dissipate in the form of re-emitted photons.
Because of the energy flow circulation and regulation shown in Figures 6d,e, photons are reabsorbed and re-emitted for many times before an electron−hole pair is collected or a luminescent red photon escapes. The radiated photons from exciton decay would have a dramatically prolonged optical path length due to the energy flow regulatory benefit of the Au nanospheres. By this means the reabsorption from reemitted light is enhanced, in essence enabling photon recycling with a much greater efficiency and driving the enhanced EQE and photocurrent in perovskite solar cells. 27,53−55 And the higher photon densities also lead to higher internal luminescence and a buildup of excited charges, which increase the split of quasi-Fermi levels and enhance the achievable open-circuit voltage in our plasmonic solar cells shown in Figure 3 and Table 1 .
To further investigate the underlying mechanism responsible for the enhanced performance of the devices with Au@TiO 2 core−shell nanostructures, we examined and compared the maximum exciton generation rates (G max ) and exciton dissociation probabilities [P(E,T)] for devices prepared with or without Au@TiO 2 NP modification, following the analytical approach reported for plasmonic organic solar cells. 22, 56 Figure  7 shows the effects of metal nanostructures on the photocurrent density (J ph ) of the cells. J ph is defined as J ph = J L − J D , where J L and J D are the current densities under illumination and in the dark, respectively. V eff is determined as V eff = V 0 − V a , where V 0 is the voltage at which J ph = 0 and V a is the applied bias voltage. J ph was found to increase linearly with V eff in the low-V eff range and to saturate gradually at high V eff . From Figure 7 , with increasing effective voltage, the photocurrent (J ph ) in the device S3 with Au@TiO 2 NPs being blended within both the p-TiO 2 layer and the perovskite capping layer saturated earlier than that in the control device. Generally, the saturated photocurrent (J sat ) is correlated with the maximum exciton generation rate (G max ), exciton dissociation probability, and carrier transport and charge collection probabilities in the high-V eff range. G max can be calculated from J ph = qG max L, where q is the electronic charge and L is the thickness of the active layer. The values of G max for the control device and solar cells (S1, S2, S3) with Au nanostructures are 3.43 × 10 27 m −3 s −1 (J sat = 195 A/m 2 ), 3.94 × 10 27 m −3 s −1 (J sat = 224 A/m 2 ), 4.15 × 10 27 m −3 s −1 (J sat = 236 A/m 2 ), and 4.30 × 10 27 m −3 s −1 (J sat = 244 A/m 2 ), respectively. An obvious enhancement of G max occurred after the incorporation of Au nanostructures. Considering the constant of absorbed incident photons for one cell, assuming that all of the photogenerated excitons are dissociated into free charge carriers in the high-V eff range, J sat is then limited by the carrier transport and collection. The exciton dissociation probability P(E,T) can be obtained from the normalized photocurrent density (J ph /J sat ). 22, 56 The P(E,T) values of the devices (S1, S2, S3) with Au nanostructures increased to 96.4%, 97.2%, and 97.2% from 93.5% obtained for the control cells. PSC solar cells (S1−S3) with Au@TiO 2 NP modification show higher P(E,T) values than the control device without Au@TiO 2 NP modification. The increase in the exciton generation rate and the exciton dissociation probability enhances free carrier generation/charge separation, reduces the recombination rate, enhances the carrier transport and collection, and therefore improves the J SC and FF factors of plasmonic thin film solar cells. The results indicated that the presence of Au@TiO 2 nanospheres within the p-TiO 2 and/or the perovskite capping layers benefited generation of electron−hole pairs and the dissociation of excitons into free charge carriers, improving the carrier transport and collection probabilities. Actually, some previous studies about plasmonic PSCs also provided experimental evidence to support the results that the presence of metallic NPs favors photocarrier generation, separation, transfer, transport, or collection in PSCs. 28, 30, 47 
CONCLUSIONS
We have developed efficient plasmonic perovskite solar cells (PSCs) by embedding Au@TiO 2 core−shell nanoparticles (NPs) into porous TiO 2 and/or perovskite semiconductor capping layers. Optical, electrical, and electronic effects from metal nanostructures on the performance of PSCs were systematically investigated by a combined evaluation of surface morphologies of Au@TiO 2 modified perovskite capping and porous TiO 2 films, photovoltaic characteristics, photocurrent behavior, and steady-state photoluminescence (PL). The optimized structured device is obtained by simultaneously incorporating 80 nm sized Au@TiO 2 nanospheres into mesoporous titania and perovskite capping layers and delivers 18.24% efficiency, showing over 44% enhancement compared with the reference device without the metal NPs. The plasmonic enhancement mechanism is associated with improved exciton generation rate, enhanced exciton dissociation probability, and more efficient carrier transfer/collection induced by the LSPR effect. The results offer a possible method to dramatically enhance the performance of mesoporous PSC devices by employing metal nanostructures and provide further insight into the development of ideal plasmonic functionality for future optoelectronic systems.
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